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Two-dimensional arrays of hard spherical particles carrying a nanoprobe hold potential as scanning tip arrays
(STA) in force microscopy. Though rigid single molecules of proteins were originally envisioned as suitable
probes, we foresee the possibility that magnetic nanoparticles, as well, could qualify the criteria. Ferromagnetic
cobalt nanoparticles of size∼10 nm well adhered to hard silica microspheres (225-250 nm) were synthesized
by the sonochemical decomposition of a volatile organic precursor cobalt nitrosyl carbonyl [Co(CO)3NO] in
a suspension of silica in Decalin, followed by crystallization of the resultant amorphous produt. The
morphological, thermal, and magnetic properties of the amorphous and nanocrystalline cobalt particles adhered
to the microspherical silica were investigated by XRD, TEM, SEM/EDAX, TGA, DSC, EPR and magnetic
susceptibility methods. Silica spheres carrying ferromagnetic cobalt nanocrystals were deposited on a single
crystalline silicon 〈100〉 substrate by spin coating. The two-dimensional organization of the magnetic
microspheres on silicon and the adhesion of cobalt nanoparticles on the surface of microspherical silica have
been examined by scanning electron microscopy and atomic force microscopy (AFM), respectively. While
the system described here forms only a basis for a functioning device, a chemical approach toward the synthesis,
evaluation, and assembly of the components is emphasized.

Introduction

The tendency of monodispersed particles in a suspension to
form ordered arrays is influenced by the nature of the interaction
exhibited by the particles with the molecules of the dispersant
and among themselves. This property is an important parameter
in the fabrication of organized nanostructures by self-assembly
(SA) or Langmuir-Blodgett (LB) techniques1 and has been
exploited to form ordered arrays of a range of nanoparticles
such as ceramics, metals, and polymers.2 Tapping the self-
organizing nature of the particles to form ordered arrays with
specific properties on single crystalline substrates turns out to
be a worthy and logical goal. For the same reason, the chemical
forces directing the self-organization of monodispersed spherical
particles in dilute suspensions have attracted theoretical research
attention as well.3 Such an assembly of nanoparticles has been
shown to form the basis for the fabrication of lithographic masks
from an array of polystyrene spheres,4 ultramicroelectrodes from
gold nanoparticles,5 chemical sensors, and switchable optical
diffraction devices from a crystalline colloidal array of particles
in polyacrylamide hydrogel.6 Organized array of microspherical
objects have recently emerged as an alternative to organic
surfactants as templating agents in the design and synthesis of
macroporous solids.7

In recent years scanning force microscopy has emerged as a
powerful tool to measure magnetic and atomic forces in
nanodimensions.8,9 Magnetic force microscopy (MFM) involves
the interactions between a magnetic tip and a sample surface,

quantified by the regular deflection system employed in atomic
force microscopy.8 The force derivative (F) for a pyramidal
magnetic tip (of saturation magnetizationMt) acting on a sample
of saturation magnetizationMs is denoted by the expression9

whereµo is the magnetic permeability of the medium,θ is the
angle of the pyramid, q is a parameter related to the magne-
tocrystalline anisotropy (Hk) as q ) x(Ms/2Hk)1/2, δ is the
ferromagnetic exchange length,w is the wall width, andú is a
parameter expressed as a series in terms of the tip height,l,
andw. Though the force derivative is directly proportional to
the saturation magnetization of the probing tip, theoretical
studies have stressed the importance of the geometry of the
scanning probe, where a magnetic tip could function ef-
ficiently.10

Drexler recently proposed11 a geometry wherein spherical
particles carrying nanometer scale probes, organized on flat
substrates could act as “tip arrays” capable of making force
measurements in high resolutions. A possible geometry for such
a tip array originally proposed by Drexler is shown schematically
in Figure 1, where the larger sphere is a primary bead and the
secondary beads comprise of an array of smaller spherical
particles. Drexler expressed the diameter of the scan area to
be

whereh is the height of the probe tip andδ is the minimum
imaging separation as shown in Figure 1. Though single and
rigid macromolecules, such as proteins and DNA, were origi-
nally proposed to be used as probe tips by Drexler and Foster12
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F ) 2wµoMsMt [tan2 (θ/2)/cosh (qx/δ)]ú (1)

d ) (8 (2h - δ) (r1 + r2) r1/r2)
1/2 (2)
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to measure biological interactions, we foresee a possibility that
uniform magnetic nanoparticles in the size range of 5-10 nm
strongly adhering to spherical bead surfaces can likewise
function as probe tips to measure the magnetic forces of
interactions. A schematic diagram of such an array is shown
in Figure 1b.

Meeting such an objective involves (a) the synthesis of
magnetic nanoparticles and spherical substrate beads in ap-
propriate dimension, (b) the uniform deposition of the magnetic
nanoparticles on to the surface of substrate beads, and (c) the
organization of the beads carrying magnetic nanoparticles on
an atomically flat substrate.

The sonochemical methods employing power ultrasound
readily qualify for this task due to the ability to combine the
synthesis of a variety of magnetic nanoparticles13 and their
deposition on spherical substrates in a single operation.14

Ultrasound cannot effect chemical changes by directly coupling
with molecular vibrations. Rather, its ability to direct the course
of chemical reaction stems from acoustic cavitation involving
the formation, oscillatory growth, and implosive collapse of
bubbles in a liquid medium.15

Stober’s silica submicrospheres,16 obtained by the base-
catalyzed hydrolysis of Tetraethyl orthosilicate (TEOS), qualify
as suitable hard spherical substrates for the following reasons:
(a) a narrow size distribution can be achieved over a wider range,
(b) their surface silanol composition and extent of hydrogen
bonding can be modified by thermal treatments to change the
reactivity, (c) the ability of the reactive silanol groups to form
covalent links with supramolecular organic moieties, and (d)
the isotropic interactions in an aqueous or organic suspension
which help to form ordered arrays on substrates. With a
continuing interest in the controlled synthesis and characteriza-
tion of ceramic and metal-ceramic nanoparticles, we have
explored the effect of power ultrasound on ceramic materials
such as silica microbeads and alumina gel,17 the deposition of
various magnetic nanoparticles, such as nickel15 and iron/ iron
oxides,18 on the surface of submicrospherical silica and the
nature of adhesion in the metal particle-spherical silica
interface.19

In this paper we describe the synthesis of silica microspheres
carrying ferromagnetic cobalt nanoparticles, their morphologi-
cal, thermal, magnetic, and interfacial properties. Monolayer
arrays of the silica spheres carrying cobalt nanoparticles were

obtained on a single crystalline silicon Si〈100〉 surface by spin
coating. The array of microspheres and the adhesion of cobalt
nanoparticles to the spherical silica surface have been studied
by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Such an array of magnetic microspheres
is proposed as a suitable tip array geometry to carry out magnetic
force measurements. Although the system described here is
far from being a functioning device, the potential of such an
array to form the basis for a working device as well as a
chemical approach toward the synthesis, evaluation, and as-
sembly of the components is emphasized.

Experimental Section

(a) Materials. Cobalt nitrosyl carbonyl [Co(CO)3NO] pre-
cursor was prepared by the nitrosylation of cobalt octacarbonyl
[Co2(CO)8, Sigma] under flowing argon by a known procedure20

and stored under argon. Amorphous submicrospheres of silica
in the size range of 200-250 nm were synthesized by a base-
catalyzed hydrolysis of tetraethyl orthosilicate (TEOS) described
by Stober et al.15 Silica microspheres thus obtained were
washed extensively with alcohol and ether and dried under
vacuum at room temperature.

(b) Sonochemical Deposition of Cobalt. Sonochemical
deposition of amorphous cobalt was carried out as follows. A
250 mg amount of the silica sample was added to 40 mL of
dry Decalin in a sonication cell, and the cell was attached to
the sonicator horn under flowing argon. Argon gas was bubbled
through the slurry for 1 h prior to sonication to expel any
dissolved air/oxygen, and 0.25 mL of cobalt nitrosylcarbonyl
was introduced into the slurry through a septum. Sonication
of the slurry with a high-intensity ultrasound radiation for 1 h
was carried out by employing a direct immersion titanium horn
(Vibracell, 20 kHz, 100 W/cm2) under flowing argon. The
resulting products were washed with dryn-pentane inside a
glovebox (O2 < 10 ppm), thoroughly dried in vacuum, and
stored under argon. Crystallization of the as prepared product
was carried out by heating a small amount of sample in a glass
vial at a temperature of 400°C under flowing argon for 3 h.

(c) Characterization. X-ray diffraction of the solid products
was carried out on a Rigaku X-ray diffractometer (Model-2028,
Cu KR) on small amounts of sample material placed on a glass
plate and covered with a protective layer of collodion. The
particle morphology and the nature of its adherence to silica
were studied by transmission electron microscopy employing a
JEOL-JEM 100SX microscope. Infrared spectra were recorded,
employing a Nicolet (Impact 410) FT-IR spectrometer by a KBr
disk method.

Thermogravimetric analysis (TGA) on the bare silica sub-
strates and the cobalt covered silica samples were carried out
employing a Mettler TG-50 instrument. The samples were
heated to 900°C at a rate of 10°C/min under a flowing stream
of nitrogen (50 cm3/min). Differential scanning calorimetric
(DSC) analysis of the samples in crimped aluminum crucibles
was carried out up to a temperature of 450°C, employing a
Mettler equipment under a flowing stream of argon, also at a
rate of 10°C/min.

Magnetic susceptibility measurements at room temperature
were carried out by employing a vibrating sample magnetometer
on accurately weighed (ca. 10 mg) samples packed in a gelatin
capsule under argon. Ferromagnetic resonance experiments at
room temperature were run on a Bruker EMX instrument
operating in the X-band.

(d) Organization on Si 〈100〉 and AFM Investigation.
Single crystalline silicon〈100〉 substrates measuring 6 mm× 6
mm × 0.5 mm were cleaned with nitric acid for inorganic

Figure 1. (a) Schematic arrangement of a tip-array geometry proposed
by Drexler (see ref 11). The larger sphere (radiusr1) is a primary bead
and the secondary beads comprise of an array of smaller spherical
particles (radiusr2). The diameter of the scan area is given byd )
(8(2h - δ) (r1 + r2)r1/r2)1/2. (b) Schematic diagram of an array of
spherical beads carrying uniform magnetic nanoparticles.
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impurities and with chloroform for any organic matter. Orga-
nization of the microspheres on the substrate was carried out
employing a small custom-made spinning device. The silicon
substrate was fastened flat on the horizontal rotating top (25
mm diameter) employing double-sided adhesive tape. Drops
of a suspension of the cobalt coated silica spheres in ethanol
was placed on the substrate during spinning. The deposition
of the silica spheres in the absence of spinning resulted in heavy
aggregation of the microspheres on the silicon surface. Silicon
substrates coated with magnetic spheres were coated with∼400
Å of gold employing a Fisons sputtering equipment and analyzed
by SEM. A closer examination of the array was also carried
out by atomic force microscopy (AFM) on gold-coated samples
because a thin layer of gold could limit the tip-induced sample
movements on the silicon. The silicon sample was adhered to
a stainless steel sample holder with a double-sided conducting
carbon tape.

The nature of the interaction between the cobalt particles and
the substrates was measured by carrying out AFM measurements
on single silica microspheres embedded in a thermoplastic resin
matrix. Sample preparation methods for this study have been
discussed in detail elsewhere.19 AFM investigations were
carried out on a Topometrix Discoverer TMX 2010 atomic force
microscope provided with a 70µm, tripodal, closed loop scanner
with an built-in linearization system. Pyramidal silicon nitride
tips (0.01 N/m, Park Scientific) in contact mode were employed
for scanning at a frequency of about 7 Hz.

Results and Discussion

(a) Structural and Morphological Properties. The X-ray
diffraction patterns of the as-prepared and crystallized samples
of the amorphous silica microspheres deposited with cobalt
nanoparticles showed no distinct diffraction peaks characteristic
of cobalt. The transmission electron micrographs of the
substrate silica microspheres used in the study are shown in
Figure 2. The microspheres showed little size dispersion, with
diameters in the range of 220-250 nm. The TEM micrograph
of as prepared spherical silica particles deposited with amor-
phous cobalt are shown in Figure 3a. All the particles were
uniformly covered with nanoclusters of cobalt. A single
microsphere at a higher resolution is shown in Figure 3b. Small
cobalt clusters in the size range of 2-3 nm completely covered

the silica surface. The TEM micrographs of the crystallized
samples are shown in Figure 4. The crystallization was also
accompanied by sintering of the smaller amorphous clusters to
spherical crystallites of about 10 nm diameter as can be seen
from the micrograph. The elemental composition of the material
was analyzed by EDAX, and the corresponding profiles for the
as-prepared and crystallized samples are shown in Figure 5. The
cobalt content in the case of the as-prepared and crystallized
samples were 4.38% and 4.92%, respectively. Though the
composition of lighter elements determined by EDAX could
not be relied upon directly, oxygen content remained the same
in the as-prepared and crystallized samples, ruling out oxidation
of the small crystallites by external oxygen impurity during
deposition or crystallization. As-prepared samples of cobalt
coated on silica are expected to be amorphous due to the ultrafast
cooling rates of more than 107 K/s encountered in the ultrasound
driven process. The absence of well-defined X-ray diffraction
lines in the case of the crystallized samples could be attributed
only to their small sizes (ca. 10 nm) which could lead to
extensive line broadening. When coupled with the presence of
only ∼4.9% of metallic cobalt in a background of amorphous

Figure 2. Transmission electron micrographs of the bare substrate silica
microspheres.

Figure 3. TEM micrograph of (a) as prepared spherical silica particles
deposited with nanoclusters of amorphous cobalt (b) a single micro-
sphere shown at a higher resolution.
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silica, the absence of Bragg diffraction lines is hardly surprising.
For this reason the nature of the crystallinity of cobalt will be
discussed in terms of the magnetic properties rather than in terms
of the X-ray diffraction.

(b) Thermal Properties. The thermo gravimetric analysis
(TGA) curve of the substrate silica microspheres and the as-
prepared sample of cobalt-coated silica are shown in Figures
6a and b, respectively. The bare silica substrates showed a total
weight loss of 16.57%, against a 24.68% loss in the case of
cobalt-coated samples. Both of the samples showed two distinct
regions of weight loss from 40 to 175°C and 200-600 °C.
Moreover, the cobalt-coated samples showed a further weight
loss, accounting for a 2% loss in the temperature range of 600-
780°C. The DSC curves for the corresponding samples of bare
silica substrates and the amorphous cobalt coated samples are
shown in Figure 7. Both of the samples showed a broad
endothermic peak in the region of 25-175 °C. The heat flow
was about 2.5 times more in the case of bare silica than in the
cobalt coated samples. However, the amorphous to crystalline
transition of cobalt could not be detected in the DSC trace of
the cobalt-coated sample.

The weight loss patterns in the case of the substrate silica
and the cobalt-coated samples demand an understanding of the
nature of thermally desorbable species on the surface of the
silica spheres. The surface of the microspherical silica consists
of a very small proportion of free silanols and silanols heavily
hydrogen bonded among themselves and adsorbed water
molecules.21-23 The hydrogen bonded silanols show variations
such as hydrogen bonding at the oxygen end, at the hydrogen
end and at both ends. These thermally removable species are
present on the walls of the inner pores as well. The population
of the silanol and water molecules on the outer spherical surface
of the particles is less than those present on the inner pore walls.
The initial weight loss amounting to about 8% weight at lower
temperature can be associated with desorbable species on the
surface rather than on the inner pore walls. The initial weight
loss in the temperature range of 40-175 °C can be associated
with the breaking up of the hydrogen-bonded network and the
expulsion of adsorbed water from the surface. The second stage
of weight loss, in the range of 175-600 °C, could then be
associated with the desorption of adsorbed water, as well as
the water generated by the condensation of part of the free

silanols on the inner pore walls. The condensation of silanols
on the inner pore walls is not complete, as will be discussed in
detail shortly, in the section on FT-IR spectroscopy. The
liberation of these species from the inner walls is a diffusion-
controlled process, and the process continues at a linear rate of
weight loss up to 600°C, after which no further weight loss is

Figure 4. TEM micrograph of the spherical silica particles carrying
nanocrystalline cobalt.

Figure 5. EDAX profiles showing the elemental composition of (a)
as-prepared and (b) crystallized samples of spherical silica particles
carrying nanophasic cobalt.

Figure 6. Thermogravimetric analysis (TGA) profiles of (a) the
substrate silica microspheres (b) the as-prepared sample of silica
deposited with nanophasic amorphous cobalt.
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observed. The process is qualitatively the same in the case of
silica samples covered with amorphous cobalt except that an
additional higher weight loss of about 8%. Of this 8% about a
2% weight loss could be accounted for in the temperature range
of 600-800°C. The excess weight loss at lower temperatures
can be accounted only by the desorption of the cobalt nitrosyl
carbonyl precursor (see the section on IR spectroscopy) and
the solvent decane adsorbed during sonication. Finally, a
distinct weight loss in the temperature range of 600-800 °C,
only in the case of cobalt-coated sample, can be accounted for
by the loss of metallic cobalt itself, as it is unlikely that any
organic impurity can be retained up to such high temperatures.
On the other hand, cobalt metal itself is expected to have a
finite vapor pressure, however small, in the temperature range
of 600-800°C and can account for the 2% weight loss, due to
the evaporation of metal.

The breaking of the hydrogen-bonded network in the tem-
perature range of 40-175 °C is reflected in the DSC trace as
well. An endothermic peak in this range in the case of the
substrate silica is due to the breaking up of the hydrogen-bonded
network on silica. A lower heat of absorption in the case of
silica covered with amorphous cobalt can originate from two
effects: (a) The ultrasound radiation used for the deposition of
cobalt itself is known17 to disrupt the hydrogen-bonded network
on bare silica microspheres, and (b) the adsorption of a
zerovalent metal on a hydroxylated surface such as silica is
known to form bonds of the Si-O-Mδ+ type. Brenner and
co-workers24 studied the decarbonylation of various metal
carbonyls of Mo, W, and Fe and the subsequent adsorption of
zerovalent metals on the hydroxylated surfaces of silica and
γ-Al2O3 and observed that the extent of oxidation of the metal
was higher in the case of a hydroxylated surface and that
zerovalent metals were normally oxidized at relatively low
temperatures by the surface hydroxyls with the liberation of
hydrogen. Formation of Si-O-Coδ+ type species on reaction
with the surface silanols could further weaken the hydrogen-
bonded network and contribute to the observed loss in the heat
of adsorption.

(c) IR Absorption. Figure 8. shows the FT-IR spectra of
(a) the bare substrate silica spheres, (b) the as-prepared cobalt-
coated silica spheres, (c) the silica spheres carrying crystallized
cobalt nanoparticles, and (d) the residue of the TGA run on the
amorphous cobalt- coated silica particle carried up to a tem-
perature of 900°C under flowing nitrogen. As-prepared samples
of amorphous cobalt on silica showed carbonyl stretches above
2000 cm-1 (marked as curve b) as evidence of the presence of
small amounts of organometallic precursor or carbon monoxide
readsorbed on the metal clusters.

All the samples except d showed the presence of intact surface
silanols and hydrogen-bonded water absorbing in the 2800-
3800 cm-1 range. The sample heated to 900° C (curve d)
showed a complete absence of absorption above 2000 cm.-1

Oxidation of the elemental metal by the surface silanols is
influenced by the redox characteristics of the metal ion and the
degree of hydroxylation of the surface. In our earlier investiga-
tions14,18 on the interaction of amorphous metal clusters of
nickel and iron with the spherical silica, IR absorptions of the
various reactive species on the surface of silica were used to
assess the extent of interaction between the metal and the
surface. We observed that elemental nickel could be deposited
even on a hydrated surface, whereas iron clusters were extremely
reactive to yield various iron oxides dependent on the degree
of hydroxylation. Burneau et al.25 have listed the characteristic
absorption bands for the precipitated silicas. Precipitated silica
normally does not have free outer surface silanols which absorb
at 3730-3740 cm-1. The other two reactive species of bound
outer silanols and silanols hydrogen bonded to adsorbed water
absorb at 3520 and 3200 cm-1, respectively. A fall in intensity
of the peak at 3200-3300 cm-1, observed in the case of iron-
silica interaction, was not significant in the case of silica. The
cobalt-coated sample heated at 400°C for 3 h still contained
significant hydroxyls and adsorbed water (on the inner pore
walls), as could be verified from an intense absorption in the
3000-3500 cm-1 range. Removal of water due to condensed
silanols was complete only when the sample was heated to a
temperature of 800°C (see curve d).

(d) Magnetic Properties. Magnetic properties were inves-
tigated by magnetic susceptibility and ferromagnetic resonance

Figure 7. Differential scanning calorimetric (DSC) profiles of (a) the
substrate silica microspheres (b) the as-prepared sample of silica
deposited with nanophasic amorphous cobalt.

Figure 8. FT-IR spectra of (a) the bare substrate silica spheres (b) as
prepared, amorphous cobalt-coated silica spheres (c) silica spheres
carrying nanocrystalline cobalt and (d) the residue of the TGA run on
the amorphous cobalt coated silica particle carried up to a temperature
of 900 °C under flowing nitrogen.
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methods as outlined in the Experimental Section. The M-H
curves for the as-prepared cobalt coated silica and the crystal-
lized sample are shown in Figure 9. The amorphous cobalt
clusters on silica showed a magnetization of about 0.25 (emu/
g), inclusive of the diamagnetic silica core, and did not exhibit
any hysteresis. On the other hand the crystallized samples of
cobalt on amorphous silica showed a magnetization of about
3.5 emu/g inclusive of the silica core. Taking into account the
weight of cobalt present in the entire material (from EDAX),
the saturation magnetization of the nanocrystalline cobalt
particles works out to approximately 70 emu/g. This material
also exhibited a narrow hysteresis loop characteristic of ferro-
magnetically ordered materials. The hysteresis loop is shown
as an inset in Figure 9. It is known that irreversibility in
magnetization is experienced even in amorphous solids below
the blocking temperature. If this were the case, the amorphous
cobalt clusters as well could have exhibited a hysteresis loop,
which is clearly not the case. However, the nature of magnetic
ordering will shortly be discussed in terms of magnetic
resonance properties as well. The diamagnetic contribution from
the silica core to the total magnetization could not be ignored
and this was calculated by a method described by Wang et al.26

The experimentally observed magnetization values as a function
of applied field (H) were fitted to the expression.

by a method of nonlinear regression by least-squares minimiza-
tion. In eq 2,MH is the observed magnetization,M0,RT is the
magnetization value at room temperature,H is the field strength
expressed in Oersteds, andσi, φi are the coefficients which give
information about the magnetization processes at the interface.
The regression yielded a satisfactory fit only in the case of
nanocrystalline cobalt on silica, and the calculated value of
magnetization is plotted as a solid line. The values of the
calculated interfacial magnetization wereσ1 ) 14.03, σ2 )
-91.4, φ1 ) 0.0091, andφ2 ) -4.63 × 10-5, respectively.
The low magnetization values of about 4 emu/g (excluding the
weight of the silica core) and the failure to attain saturation in
the case of as-deposited cobalt originates from the amorphous
nature of cobalt. It is a well-known phenomenon that for
ferromagnetic metals, when divided into nanoparticles, the
ferromagnetic ordering of the domains is lost to form particles
exhibiting superparamagnetism.27-29 The crystallized samples
showed a saturation magnetization of about 3.5 emu/g, with
a diamagnetic silica core accounting for a saturation magnetiza-
tion of about 70 emu/g (based on cobalt content only). A
negative value of the coefficientφ2 is identified with a
diamagnetic contribution from the silica core. However, the
magnitude of the coefficient at 4.6× 10-5 compared against a
value of 1.42× 10 -3 in the case of Ni/SiO2 interface14 and
-1.25× 10-3 in the case ofR-Fe/SiO2 interface18 suggests that
diamagnetic contribution may be weaker in the case of cobalt
nanocrystals as compared to nickel and iron nanocrystals
adhered to spherical silica surface.

The resonance spectrum of the as-prepared cobalt coated
sample is shown in Figure 10. The sample showed a peak to
peak width (∆Hpp) of 200 G and ag value of 2.1508. The
crystalline sample was highly ferromagnetic that a resonance
spectrum could not be recorded under identical conditions, even
with least possible amount of sample. A sharp and narrower
paramagnetic resonance signal (width 200 G) can be associated
with the superparamagnetic nature of the as prepared cobalt
nanoparticles. The experimentalg value of 2.151 for these
particles is slightly lower than a value of 2.187 reported for

Figure 9. Field dependent magnetization of as prepared cobalt coated
silica (shown as triangles) and (b) silica spheres carrying nanocrystalline
cobalt (shown as circles). The solid line is the magnetization values
calculated from the expressionMH ) M0, RT {1 - (σ1/xH) - (σ2/H) -

(σ3/xH3) - ...}. Inset shows the hysteresis loop exhibited by silica
microspheres carrying ferromagnetic cobalt nanocrystals.

Figure 10. Electron paramagnetic resonance (EPR) exhibited by silica
microspheres deposited with nanophasic amorphous cobalt clusters.

Figure 11. Scanning electron micrograph of silica microspheres
carrying ferromagnetic cobalt nanoparticles, organized on a single
crystalline Si〈100〉 surface.

MH ) M0,RT {1 - (σ1/xH) - (σ2/H) - (σ3 /xH3) - ...} +

φ1xH + φ2H (3)
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bulk cobalt30 which could be linked to an infinitesimally
positively charged cobalt metal in Si-O-Coδ+ type species.

(e) Organized Microspheres on Silicon. The scanning
electron micrograph of a section of the organized silica
microspheres carrying ferromagnetic cobalt nanoparticles on a
single crystalline silicon surface is shown in Figure 11. Though
a monolayer was formed on the surface of silicon, a few silica
spheres on a second layer (brighter spheres) could also be seen
on the first layer of the spheres. Normally such a monolayer
of smaller spherical particles (50 nm) could be assembled at an
air-liquid interface and transferred to a single crystalline
substrate over large surface areas. Kondo et al.31 fabricated

monolayer arrays of silica particles modified by various
surfactants by slowly evaporating a thin film formed at the air
liquid interface. They found that the ordering toward monolayer
formation was facilitated only when the interparticle attractions
were weakened by suitable surfactants. For similar reasons only
aggregates were formed among the 250 nm sized particles in
the present case when an ethanolic solution was evaporated in
the absence of spinning. The 3D AFM topographic image of
silica monolayers and a closer view at a section of the monolayer
are shown in Figure 12a and b, respectively. The distortions
caused due to the interactions with the sides of a pyramidal
AFM tip on the image of the spherical particles at the boundary

Figure 12. The AFM topographic image of (a) a monolayer of silica microspheres carrying ferromagnetic cobalt nanoparticles, organized on a
single crystalline Si〈100〉 surface and (b) a high magnification image recorded on a section of the monolayer.
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could be seen in Figure 12a. The microsopheres were firmly
fixed to the silica substrate and allowed topographic imaging
without any tip-induced surface movements32 or damaging of
the surface33 as is the case with weakly adhered or soft sample
particles. However the cobalt nanoparticles adhered to the silica
microspheres could not be imaged due to an uniform coating
of gold on the monolayer of the microspheres. However, the
nature of adhesion of the ferromagnetic particles were examined

in a lateral force mode on single microspheres immobilized in
a thermoplastic resin bed. Figure 13a shows the three-
dimensional topographic image of the surface of a single silica
sphere carrying cobalt nanocrystals. The cobalt particles were
imaged in lateral force mode as can be seen from the corre-
sponding lateral force map shown in Figure 13b. The cobalt
nanoparticles could be imaged, signifying negligible tip-induced
movements of cobalt nanocrystals on single microspheres.

Figure 13. (a) The three-dimensional topographic image of a single cobalt-coated silica sphere immobilized in a thermoplastic resin bed. (b) The
corresponding two-dimensional lateral force map.
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In a recent AFM investigation19 we compared the adhesion
of as prepared amorphous and crystallized nickel nanoparticles
to the surface of submicrospherical silica and found that the
amorphous particles underwent huge tip induced surface move-
ments due to poor adhesion. On the other hand lateral force
imaging of individual metal nanoparticles on a single silica
microsphere is possible only when the metal particles were
firmly adhered to the silica surface.

Conclusions

Hard, microspherical substrates carrying magnetic nanopar-
ticles can be organized in two-dimensional arrays on single
crystalline substrates. Sonochemical deposition methods taken
together serve as a single-step tool to synthesize ferromagnetic
nanoparticles from organometallic precursors and deposit them
on isotropic substrates placed in a suspension. As-prepared
cobalt nanoclusters were superparamagnetic and had to be
crystallized at 400°C to obtain ferromagnetic nanocrystals. The
interfacial magnetization coefficients evaluated from the field-
induced magnetization showed a diamagnetic contribution from
the silica core to the net magnetization, though to a lesser extent,
compared to Ni-SiO2 or Fe-SiO2 systems. Interparticle
attractions were overcome by centrifugal forces to form ordered
two-dimensional arrays on single crystalline Si〈100〉 surface.
The cobalt nanocrystals were strongly adhered to the silica core
to allow lateral force imaging without tip induced surface
movements. With silica microspheres of radiusr1 ) 250 nm
and r2 ) 125 nm (as in the present case) and for a cobalt
magnetic particle of 10 nm diameter, the scanning area diameter
works out to be 300 nm as per eq 2 at a separation distance (δ)
of 5 nm.
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